Background: Tiotropium is generally well tolerated; however, there has been debate whether antimuscarinics, particularly tiotropium administered via Respimat 
Introduction
The long-acting anticholinergic, tiotropium bromide (SPIRIVA â ; Boehringer Ingelheim Pharma GmbH & Co K.G., Ingelheim, Germany) is a competitive muscarinic receptor antagonist that has gained widespread acceptance as a maintenance treatment for patients with chronic obstructive pulmonary disease (COPD). It is available as both a dry-powder formulation delivered via HandiHaler â (18 lg nominal dose) and as an aqueous solution delivered via the Respimat â Soft Mist TM Inhaler (SMI; 5 lg delivered dose) (1) (2) (3) . Tiotropium Respimat â is a new-generation, propellant-free inhaler developed as an innovative approach to inhalation therapy. It delivers a metered dosage of medication as a fine mist, with design features that improve lung deposition, allowing for a lower dose of tiotropium than in the HandiHaler â (4).
Extensive clinical trial data have shown that tiotropium improves lung function, quality of life and exercise endurance and reduces exacerbations in patients with COPD. Both formulations (HandiHaler â 18 lg and Respimat â 5 lg) have similar efficacy (5-10) and provide similar systemic exposure to the drug (4, 11, 12) . Since the first approval of tiotropium HandiHaler â in 2002, tiotropium has become available in 110 countries around the world and there are now more than 30 million patient-years of clinical experience with the drug (1) . Although clinical trial data indicate that tiotropium is generally well tolerated (13, 14) , there is ongoing debate whether antimuscarinics, in general, and particularly tiotropium administered via the Respimat (10) .
In view of the debate regarding the cardiac safety of tiotropium, we performed a combined analysis of Holter ECG data from four Phase II/III/IIIb clinical trials of tiotropium in COPD with the primary objective to provide additional evidence of the cardiac safety of tiotropium maintenance therapy. Table S1 .
Methods

Clinical trial selection
Analysis
The design and methodology of the four trials included in this analysis have been previously described (5, 12, 22) . The Holter ECGs were evaluated for heart rate (HR), supraventricular premature beats (SVPBs), ventricular premature beats (VPBs) and pauses (defined as absence of a heart beat for more than 3 s). Quantitative and categorical end-points referring to the monitoring periods (6.5-24 h) were derived for each of the Holter monitoring days.
Quantitative end-points
Quantitative end-points included mean, maximum and minimum HR [beats per min (BPM)], number of SVPB/VPB events per hour (totals, runs, pairs and single events), and the HR of the fastest SVPB/VPB run (HR in BPM). Ventricular 'runs' included ventricular tachycardia, idioventricular rhythm and other events with at least three consecutive premature ventricular beats, while a 'pair' comprised two consecutive premature beats. 'Total' denoted the total number of premature beats observed during the entire monitoring period. For all trials, single VPBs included early as well as non-early VPBs. Early VPBs were defined as VPBs with a prematurity index of 20% or greater (i.e. VPB coupling interval < 80% of baseline RR interval). Non-early VPBs were defined as VPBs with a prematurity index < 20% (i.e. not early enough to be counted as an early VPB).
Categorical end-points
These included overall Holter evaluation (normal, abnormal, unable to evaluate), occurrence (number of patients) of pauses and categorisation by the number of pauses, occurrence (number of patients) of runs, pairs or single SVPB/VPB events, number of SVPB/VPB events per hour (categorised as no events, 1 to < 10, 10 to < 30, 30 to < 50, 50 to < 100, 100 to < 500, 500 to < 1000, 1000 to < 2000 and ≥ 2000 events), number of beats in the longest VPB event, occurrence of 0, 1, 2, 3 to < 5, 5 to < 10 or ≥ 10 beats in the longest VPB event.
In addition, the number of patients who 'worsened' or 'improved' on treatment was displayed using two-way shift tables to allow for comparisons between treatments. An analysis of tiotropium peak exposure [peak plasma concentration at steady state (C max,ss )] and overall exposure [amount of drug excreted in urine from 0 to 6 h at steady state (Ae 0-6,ss )] between patients with SVPB/VPB events and those without was conducted for the pharmacokinetic trial 205.458 to assess any potential exposureeffect relationships (supporting information).
Statistical analysis
The combined analysis of Holter ECG data was performed on the Holter full analysis set (FAS), which included all patients who were dispensed study medication, were documented to have taken ≥ 1 dose of investigational treatment, and for whom an evaluable (i.e. analysed time > 0 s) continuous Holter ECG was recorded on at least one occasion. The analysis set used for the combined analysis could deviate from the analyses sets described in the individual trial reports and respective publications, as for this combined analysis: (i) Holter recordings with analysed times between 0 s and 18 h were not excluded; (ii) patients with artificial pacemakers were not excluded and (iii) 'invalid' baseline values, i.e. those taken after the first dose of randomised treatment were excluded.
The ECG data from the trials included in this combined analysis were not pooled because of the different trial designs applied. While the initial statistical analysis for the single trials varied, a common analysis strategy has been used for the combined analysis. In contrast to previous analyses, the number of patients with any arrhythmia event was evaluated in addition to hourly event rates in the overall population. Data were summarised by descriptive statistical methods. Inferential statistical analysis was not performed.
Results
Four trials that included ECG Holter monitoring were included in the study (Table S1 ). All four trials recruited men and women aged ≥ 40 years with a smoking history of ≥ 10 pack-years, and a clinical diagnosis of COPD. Patients were required to have a forced expiratory volume in 1 s (FEV 1 )/forced vital capacity ratio of ≤ 70%, but requirements for severity of airflow limitation varied. In trial 205.284/ NCT00239460 patients with a predicted FEV 1 ≤ 60% were recruited, trial 205.458/NCT01222533 included those with a predicted FEV 1 < 80% and trials 205.254/NCT00168844 and 205.255/NCT00168831 included patients with a predicted FEV 1 ≤ 60%. All trials included patients with pre-existing CV disease as long as they had no recent history (i.e. ≤ 6 months) of myocardial infarction or unstable or life threatening cardiac arrhythmia and had not been hospitalised for cardiac failure during the past year. The continuing use and introduction of CV drugs including anti-arrythmics were permitted throughout the trials.
Trials ranged from 4 to 48 weeks' treatment duration and included both parallel-group and cross-over designs. (Table S1 ).
The mean age across all four trials was 64.7 AE 8.7 years (mean AE SD); 67.7% were male, and 95.9% were Caucasian ( Table S2a ). The mean duration of COPD was 9.8 AE 7.7 years and the mean body mass index was 26. Heart rates and pauses Summary statistics for mean, maximum and minimum HR over the entire Holter monitoring period revealed similar results for tiotropium and placebo in all trials (Table 1) . Treatment group means for average HR ranged from 76 to 81 BPM when on placebo, 78 to 81 BPM at baseline and from 75 to 81 BPM when on tiotropium treatment. Treatment group means for maximum HR ranged from 109 to 124 BPM when on placebo, 118 to 122 BPM at baseline and from 108 to 122 BPM when on tiotropium treatment. Treatment group means for minimum HR ranged from 54 to 59 BPM when on placebo, 54 to 56 BPM at baseline and from 53 to 59 BPM when on tiotropium treatment. Within each of the trials, the mean, maximum and minimum HR was similar between all treatment groups. Mean HRs differed by less than 1 BPM from placebo for all four active treatment groups in the cross-over trial and by less than 2 BPM compared with baseline for the parallelgroup trials. Maximum and minimum HRs differed by less than 2 BPM from placebo for all four active treatment groups in the cross-over trial and by less than 3 BPM compared with baseline for the parallelgroup trials. No treatment-dependent trends regarding decreases or increases in mean, maximum or minimum HR were apparent.
Overall, the proportion of patients who experienced a pause in the tiotropium Respimat â 5 or 10 lg, HandiHaler â 18 lg and placebo groups ranged from 0.9% to 3.5% (Table 1) . Again, there were no treatment-related patterns in the frequency of pauses.
Proportion of patients with SVPB and VPB events
Overall, the proportions of patients on tiotropium treatment, who experienced a SVPB or VPB event, were in the same range as those who were not on tiotropium treatment (during baseline or placebo treatment periods). (Table S3a) . SVPBs (runs and/or pairs and/or singles taken together) were detected in the majority of patients in all trials without any observable differences between tiotropium and placebo or baseline. Overall, neither treatment affected the proportion of patients with VPB and SVPB and events (Tables S3a and b) .
Proportion of patients with VPB runs
In the three trials with a 24-h Holter monitoring period (Table 2) , the proportion of patients with VPB runs ranged from 9.2% to 14.9% at baseline, 6.0% to 17.0% when on placebo and from 7.6% to 13.6% when on tiotropium treatment. Of note, the proportion of patients with VPB runs on treatment in the group that received the highest dose of tiotropium (10 lg/day via Respimat â ) was in a similar range to patients who received lower doses or placebo ( Table 2) .
As a result of the shorter Holter monitoring period (6.5 h), the proportion of patients with VPB runs was lower in trial 205. ). An adjudication of VPB runs performed post hoc for trial 205.458 by a group of independent cardiologists blinded to treatment assignment revealed similar differences between the lower and the higher tiotropium dose levels to those observed in the original analyses. There were no treatment-or dose-dependent effects regarding the proportion of patients with VPB pairs or singles (Table S3b) . For example, in the trials with 24-h monitoring periods, the proportion of patients with VPB pairs ranged from 30.8% to 38.8% at baseline (tiotropium group), 21.8% to 35.8% when on placebo, and from 19.6% to 34.2% when on tiotropium treatment; the proportion of patients with VPB singles ranged from 82.4% to 92.6% at baseline, 74.4% to 90.4% when on placebo and from 81.5% to 86.3% when on tiotropium treatment.
Shifts across categories of VPB runs
For the parallel-group trials, patients 'worsening under treatment' are defined as patients without VPB runs at baseline but with VPB runs on treatment, while patients 'improving under treatment' are defined as patients with VPB runs at baseline but without VPB runs on treatment. are defined as patients without VPB runs on placebo but with VPB runs on active treatment, while patients 'improving under treatment' are defined as patients with VPB runs on placebo but without VPB runs on active treatment. The comparison of the numbers of patients 'worsening' and 'improving' revealed balanced changes between active treatment and placebo regarding the development of VPB runs (Table 3) . Across trials 205.284 and 205.254/205.255, the proportion of patients 'worsening' on placebo ranged from 5.3% to 13.0%, while the proportion of patients 'improving' on placebo ranged from 3.7% to 8.5%. The corresponding results for tiotropium (Respimat â and HandiHaler â ) were similar: 4.3 to 11.0% patients 'worsened' on tiotropium, while 4.6 to 7.5% patients 'improved' on tiotropium.
For trial 205.458 alone, the shift tables for absence/presence of VPB runs off treatment/on treatment showed a trend for differences between the lower (1.25, 2.5 lg) and higher (5 lg) tiotropium Respimat â doses. With the lower doses, the proportion of patients 'worsening' was comparable to the proportion 'improving' (3.6-4.5% vs. 2.7-5.4%, respectively). However, with the 5-lg tiotropium Respimat â dose, the proportion of patients 'worsening' exceeded the proportion 'improving' (4.5-8.8% vs. 2.7-3.6%, respectively). This finding was in line with the overall analysis of VPB runs in this trial. Similarly, for the 18-lg tiotropium HandiHaler â dose, the proportion of patients 'worsening' also exceeded the proportion 'improving' (range 5.4-8.0% vs. 2.7-4.5%, respectively). Across all the trials, only a few patients (n = 15) had VPB runs ≥ 10 beats, with no evidence of a relationship with the administered dose strengths. Furthermore, a comparison of tiotropium peak exposure (C max,ss ) and overall exposure (Ae 0-6,ss ) for patients with SVPB/VPB events and those without in trial 205.458 did not reveal a relationship between exposure and events ( Figures S1 and S2 ).
Discussion
The clinical evidence supporting the efficacy and safety of tiotropium in patients with COPD is considerable. However, questions have been raised regarding the potential for anticholinergic agents, particularly tiotropium delivered via Respimat â , to cause arrhythmias in patients with COPD and CV comorbidity. Our analysis of Holter ECG variables in patients with COPD treated with tiotropium provides evidence against an adverse effect of tiotropium in patients with COPD when delivered by either the HandiHaler â device or the Respimat â SMI. Overall, there were no discernable treatmentdependent effects on HR, pauses and SVPB/VPB events across the four trials; however, in the individual trials there was a high degree of variability, particularly in parameters with low event rates, such as the number of patients with VPB runs. For example, in trial 205.458 (12) a tendency towards a higher frequency of VPB runs was observed in patients receiving tiotropium Respimat â 5 lg and tiotropium -FAS, full analysis set; VPB, ventricular premature beat; N, number of patients with non-missing data at baseline and on the respective treatment day; ↑n, number of patients with VPB runs at baseline/placebo but without runs on active treatment ('improving'); ↓n, number of patients without VPB runs at baseline/placebo but with VPB runs on active treatment ('worsening'). Our analysis has both strengths and limitations. One strength is that a considerable number of patients have been investigated using double (10 lg) the therapeutic tiotropium Respimat â dose for 48 weeks. Another strength is that patients with concomitant CV conditions were not excluded from these studies, although it is acknowledged that patients at highest risk were excluded, such as those with 'unstable' arrhythmias, cardiac failure or a recent myocardial infarction (defined as occurring within the last 6 months). Consequently, our findings cannot be extended to these patient populations and more 'real-life' studies will be required before any firm conclusions can be drawn. Furthermore, because of study differences (parallel vs. cross-over design, duration of treatment/Holter monitoring periods, and use of baseline Holter recording), pooling of individual patient data from the four trials was not possible. We conclude that, tiotropium administered using the Respimat â SMI (1.25-10 lg) or HandiHaler â (18 lg) for periods of up to 48 weeks is not associated with changes in HR, SVPBs, VPBs and pauses measured by Holter ECG monitoring when compared with placebo or the pretreatment baseline period. These findings support data from other prospective studies that did not confirm cardiac side effects from tiotropium in patients with COPD that were suggested on the basis of smaller studies and retrospective analyses. At the same time, it is recognised that more data are required on the safety of tiotropium in patients with unstable CV disorders who might have been excluded from the trials analysed.
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